Transformation-associated recombination (TAR) protocol allowing the selective isolation of full-length genes complete with their distal enhancer regions and entire genomic loci with sizes up to 250 kb from complex genomes in yeast S. cerevisiae has been developed more than a decade ago. However, its wide spread usage has been impeded by a low efficiency (0.5-2%) of chromosomal region capture during yeast transformants which in turn requires a timeconsuming screen of hundreds of colonies. Here, we demonstrate that pre-treatment of genomic DNA with CRISPR-Cas9 nucleases to generate double-strand breaks near the targeted genomic region results in a dramatic increase in the fraction of gene-positive colonies (up to 32%). As only a dozen or less yeast transformants need to be screened to obtain a clone with the desired chromosomal region, extensive experience with yeast is no longer required. A TAR-CRISPR protocol may help to create a bank of human genes, each represented by a genomic copy containing its native regulatory elements, that would lead to a significant advance in functional, structural and comparative genomics, in diagnostics, gene replacement, generation of animal models for human diseases and has a potential for gene therapy.
INTRODUCTION
Transformation-associated recombination (TAR)-cloning is a unique method for isolating any large chromosomal region from mammalian genomes using yeast Saccharomyces cerevisiae without constructing a genomic library of random clones (1, 2) . TAR cloning is based on in vivo homologous recombination between a specific genome target and a linearized TAR cloning vector that contains terminal sequences (hooks) homologous to the targeted region. In TAR cloning, total genomic DNA is co-transformed into yeast cells along with a vector carrying the targeting sequences specific to the gene of interest. Upon cotransformation into yeast, homologous recombination occurs between the vector' hooks and targeted genomic sequences flanking the gene of interest to form a circular YAC (Yeast Artificial Chromosome). This YAC readily propagates, segregates and can be selected for in yeast. TAR cloning produces YAC clones containing the desired insert at a frequency of 0.5-2% of all clones screened. Several dozen of human genes and specific chromosomal regions with sizes ranging to 250 kb have been isolated by TAR for functional and structural analyses (1) (2) (3) (4) (5) (6) . TAR cloning was also applied to characterize genome variations, including polymorphic structural rearrangements, mutations, evolution of genes and gene families and long-range haplotyping (1) .
In this work, we describe a new protocol that greatly increases the efficiency of TAR cloning. We propose that in the standard method of genomic DNA preparation, the gene-specific sequence is represented within the transformation mixture as a population of overlapping DNA fragments, formed by random shearing of the genomic DNA during its isolation and manipulation. Consequently the distance between the targeted sequences and the DNA ends varies between DNA fragments. Probabilistically both 5 and 3 DNA ends of a desired fragment are unlikely to be near the targeted sequences.
In our previous works (1), we observed that homologous recombination is much more efficient between TAR vector hooks and targeted genomic sequences located closer to DNA ends compared to internally imbedded target sequences. Hence, we expect an increase in gene capture efficiency if double-stand breaks (DSBs) could be specifically introduced close (>100 bp) to the ends of the desired genomic fragment. In principle, these specific DSBs could be introduced in the regions flanking the gene of interest by rare cutting restriction enzyme(s). However, such an approach is very limited. In our attempts to clone genes larger than 40 kb from the human and other mammalian genomes, we found it practically impossible to choose suitable restric-e55 Nucleic Acids Research, 2015, Vol. 43, No. 8 PAGE 2 OF 9 tion enzymes that cleave near the 5 and 3 ends of a targeted gene without making additional cuts within the gene itself.
What we needed was a programmable endonuclease that could cleave at a user-defined sequence. A review of currently available commercial technologies yielded three possible candidates: ZFNs (engineered zinc-finger nucleases), TALENs (transcription activator-like effector nucleases) and CRISPR-Cas9 (clustered regularly interspaced short palindromic repeats that are recognized by Cas9 nuclease, an enzyme specialized for cutting DNA, with two active cutting sites, one for each strand of the double helix) nucleases (7) (8) (9) (10) . Of these three, CRISPR-Cas9 technology is by far the cheapest and easiest to use. Cas9 is a family of bacterial, RNA-guided, double-stranded DNA endonucleases employed by type II CRISPR systems (7, 8) . In current art, the DNA target specificity of Cas9 is encoded by a 20 bp guide sequence located on the 5 terminal of the gRNA, a small synthetic chimera of mature crRNA and tracrRNA, which is bound by Cas9. Target sequence recognition is mediated by RNA-DNA base pairing between the gRNA to the DNA target and an adjacent downstream DNA motif (NGG), the protospacer adjacent motif (PAM). As the gRNA's 5 terminus can be cheaply and quickly modified using polymerase chain reaction (PCR) with synthetic oligomers, the Cas9 nuclease can be easily directed to any ∼20 bp sequence downstream of a PAM motif within complex genomes. It is thus not surprising that Cas9 has rapidly gained prominence in the field of genome editing. Recently programmable DNA cleavage by Cas9 has been demonstrated with purified genomic DNA (11) .
To demonstrate the utility of Cas9 endonucleases in TAR cloning, we chose to clone the human NBS1 gene, mutations in which leads to Nijmegen breakage syndrome (NBS; MIM 251260). Human genomic DNA prepared in aqueous solution was used for TAR cloning as a source of the NBS1 sequence. The size of molecules in this DNA preparation varies between 30 and 200 kb. Previously we successfully used high-molecular DNA prepared from different human cell lines purified in aqueous solution or commercial human genomic DNA (Promega) for isolation of several genes with sizes up to 150 kb (1, 12, 13) .
MATERIALS AND METHODS

Design of the CRISPR guide sequence
The DNA sequences, 1 kb upstream of the 5 TAR-hook and 1 kb downstream of the 3 TAR-hook sequences, were downloaded from USCS (http://genome.ucsc.edu/cgi-bin/ hgGateway). The CRSIPR design tool (http://crispr.mit. edu/) was used to identify CRISPR guide sequences within the two 1 kb regions beginning with the 250 bp nearest to the hooks. This tool yields CRISPR guide sequences of three different qualities. Only high quality CRISPR guide sequences were considered for use. As an in-vitro transcription kit (New England BioLabs, cat. number # E2040S) based on the T7 RNA polymerase was later used, the CRISPR guide sequence had to conform to the rules governing efficient and precise initiation of the T7 promoter. Hence, the CRISPR guide must start with a 'G' (guanine), followed by a purine (G/A), with 'G' being significantly more preferred, and finally followed by an optional third 'G' (14) . Thus, the CRISPR guide should start with '5-GGN'. A CRISPR guide sequence beginning with two 'G's would normally be difficult to obtain. However, it has been reported that a 'G' may be added to the 5 end of a 20 bp CRISPR guide sequence, forming a 21 bp sequence without ill effect on targeting (15) . Additionally, it has also been reported that improved CRISPR-Cas9 specificity may be obtained by truncating the 20 bp guide to a sequence as short as 17 bp (16) . Together, these two papers suggest that the 5 terminal end of the CRISPR guide has sufficient flexibility to be modified for efficient transcription by the T7 promoter. Fortunately, in this study only one CRISPR guide sequence, gRNA-C, required a single base pair substitution (+1A→G) to make it conform to the '5-GG' rule.
We then discarded all CRISPR guide sequences that had off target sites within the gene of interest. The off target sites are given by the CRSIPR design tool. We also used a Blat search (http://genome.ucsc.edu/cgi-bin/hgBlat) to further validate that the CRISPR guide candidates did not have other homologies within the gene of interest. Preference was given to the CRISPR guides located closest to the TAR-hooks and at least two CRISPR guides were selected for each TAR hook position. This gives redundancy should one guide be inefficient at DNA cleavage. The CRISPR guides for the 5 TAR hook were named gRNA-5A and gRNA-5B, while the guides at 3 TAR hook were named gRNA-3C and gRNA-3D. The cleavage sites of the CRISPR guides relative to the NBS1 gene are shown in Figure 1.
Synthesis of gRNA minigene
Next, the forward and reverse CRISPR guide primers were designed with the aid of an oligonucleotide calculator (http://www.basic.northwestern.edu/biotools/oligocalc. html). Melting temperatures of the primers were approximately 59
• C. The forward guide primer consists of a 12 bp long 5 guard sequence, followed by the T7 promoter sequence, then the CRISPR guide sequence and finally the template sequence to the gRNA from the pX330-U6-Chimeric BB CBh-hSpCas9 plasmid (Addgene, cat. number # 42230) (Supplementary Figure S1) . The forward and reverse primers used to make the CRISPR minigenes are listed in Supplementary Table S1 . In addition, primers were also designed to amplify a 1-2 kb region around the CRISPR guide target sites (Supplementary Table S1 ). This DNA fragment was later used to determine the cleavage efficiency of the Cas9-gRNA complexes (Figure 2a) . This target DNA fragment should be designed such that upon Cas9-gRNA cleavage, it will yield two DNA fragments of distinct sizes. Furthermore, to avoid gRNA from hindering DNA visualization on the gel, the smallest DNA fragment must be no smaller than 400 bp.
Next, the CRISPR minigenes were made by PCR amplification using proof reading Phusion polymerase (New England BioLabs, cat. number # M0530S), the relevant pair of CRISPR guide primers (Supplementary Table S1 ) and 100 ng of XbaI-linearized pX330-U6-Chimeric BB CBhhSpCas9 plasmid as a template. The PCR conditions used for all CRISPR guides are as follows: initial denaturation at 98
• C for 30 s, denaturation at 98
• C for 7 s, annealing at 62
• C for 5 s, extension at 72
• C for 10 s, 25 cycles. Final extension was at 72
• C for 1 min. PCR mixture composition is as follows: 1.6 l dNTPs (2.5 mM), 4.0 l normal Phusion buffer, 1.0 l template DNA (100 ng), 1.0 l 10 M primer F, 1.0 l 10 M primer R, 0.2 l Phusion polymerase, 11.2 l water. Total volume of the reaction mix was 20 l. Four PCR replicates of each CRISPR minigene were made to give a sufficient material to allow any loses during subsequent steps. 
Synthesis and test of gRNA-CRISPR complex
Two target DNA fragments, 5 (1376 bp) and 3 (1408 bp), were PCR amplified from human genomic DNA (Promega, cat. number # G3041) using Phusion polymerase and standard conditions recommended by the manufacturer. The primers used for amplification of the fragments are listed in Supplementary Table S1 . The target DNA fragments contain the Cas9 cut sites and were used to determine the cut- ting efficiency of Cas9-gRNA complex. The target DNA fragments were gel purified from 1% agarose gel and isolated using gel extraction kit (Qiagen, cat. number # 28704) as per manufacturer protocols. The minigenes were purified from 3% agarose gel at 145 V (maximum voltage setting). To limit UV damage to the minigene DNA, guanosine (Sigma-Aldrich, cat. number # G6752) was added to the molten agarose gel at a final concentration of 1 mM, the UV transluminator was set to a long wave length setting and the desired DNA bands excised quickly from the gel. To avoid cross contamination, a new sterile scalpel blade was used for each DNA band. The minigenes were isolated from the agarose using gel extraction kit (Qiagen, cat. number # 28704). Each agarose plug was dissolved in 5 x volume of QG buffer at 50
• C. For every 300 l of gel-QG solution, 100 l of isopropanol was added. The mixture was vortexed and passed through the column twice. Then the column was washed with 750 l PE solution, and spun dried for 2 min at 14 000 rpm. 40 l of warm EB buffer was added and the column was left to incubate at 50
• C for 2 min. The column was then spun at 14 000 rpm to elute the minigene DNA solution.
Next, between 60 ng and 100 ng of minigene DNA was used as a template to transcribe CRISPR gRNA, using an in-vitro transcription kit (New England BioLabs, cat. number # E2040S). The buffer composition was: 2 l ATP (100 mM), 2 l GTP (100 mM), 2 l CTP (100 mM), 2 l UTP (100 mM), 2 l reaction buffer, 2 l T7 RNA polymerase mix, 5 l minigene template, 10 l RNAse/DNAse free water. The total volume of the reaction mixture was 27 l. The reaction was incubated overnight at 37
• C. The mixture was frozen at −20
• C until use. No further purification was made.
The cleavage efficiency of each gRNA-Cas9 pair was evaluated by digesting ∼200 ng of the appropriate target DNA fragment. The digest composition was as follows: 1 l of Cas9 (New England BioLabs, cat. number # M0386S), 3 l CAS9 buffer, ∼4500 ng (1 l) gRNA, 200 ng target DNA fragment and a sufficient water to attain a total volume of 30 l. After 3 h, the digest was run directly on a 1.5% agarose gel and later stained with ethidium bromide. Based on our results, two pairs of nucleases could be equally chosen, i.e. either Cas9-gRNA-B and Cas9-gRNA-C or Cas9-gRNA-A and Cas9-gRNA-C (Figure 2a ). Cas9-gRNA-D that did not completely digest the target DNA fragment was discarded. For our experiment we have chosen Cas9-gRNA-B and Cas9-gRNA-C pair. The predicted size of the target fragments after cutting by Cas9-gRNA-B and Cas9-gRNA-C are 499 bp/877 bp and 433 bp/975 bp, correspondingly.
Preparation of CRISPR-treated genomic DNA
Genomic DNA for TAR cloning was then cleaved using Cas9 with a gRNA-B for the 5 and gRNA-C for 3 TARhooks. The digest composition was as follows: 1 g (5 l) human genomic DNA, 1 l of Cas9 (New England BioLabs, cat. number # M0386S), ∼4500 ng (1 l) gRNA-5B for the 5 TAR hook, ∼4500 ng (1l) gRNA-3C for the 3 TAR hook, 4 l CAS9 buffer and 28 l RNAse/DNAse free water. Total volume of the reaction mixture was 40 l. The digest was incubated overnight at 37
• C. The DNA was then ethanol precipitated with 5 l of 3 M sodium acetate and 150 l of 100% ethanol. The mixture was centrifuged at 14 000 rpm, 4
• C for 12 min. The supernatant was then discarded. The precipitate was washed with 150 l 70% ethanol and centrifuged at 14 000 rpm, 4
• C for 12 min. The supernatant was discarded and the DNA pellet was left to air dry. Once the DNA pellet was dry, 20 l of water was added and the pellet allowed to dissolve for several hours at 4
• C. If the DNA was not used within the next 2 days, the DNA solution was frozen at −20 • C. Notably that genomic DNA may be isolated from human or other mammalian cell lines with either DNA Maxi kit (Qiagen, cat. number #51192) or Puregene DNA isolation kit (Gentra Systems, cat number # 158422). However, DNA isolated by this method does not allow TAR cloning of fragments larger than 150 kb. To isolate larger size fragments (up to 250 kb), the genomic DNA should be prepared in agarose blocks as described previously (17) . In our experiments, we used commercial human gnomic DNA (Promega, cat. number # G3041).
Yeast strain and transformation
For spheroplasts transformations, the highly transformable S. cerevisiae strain VL6-48 (MAT␣, his3-200, trp1-1, ura3-52, lys2, ade2-101, met14) that has the HIS3 gene deleted was used. The TAR vector pVC-NBS1 was constructed as follows. To TAR-CRISPR clone the genomic copies of the NBS1gene, 10 aliquots of genomic DNA (20 l each containing approximately 1 g of high molecular weight human DNA treated by CRISPR/Cas9) were prepared. To each aliquot approximately 1 g (∼5 l) of the linearized TAR vector was added. 200 l suspension of freshly prepared yeast spheroplasts (∼10 8 ) was then added to each mixture. In parallel experiments, 10 aliquots of untreated genomic DNA (5 l each containing approximately 1 g of high molecular weight human DNA) were mixed with 10 aliquots of the linearized TAR vector (∼5 l each containing approximately 1 g of the linearized TAR vector DNA) and 200 l of freshly prepared yeast spheroplasts added as described previously in detail (2, 17) . Cell density of the culture of yeast used to prepare spheroplasts is critical, and ∼2 × 10 7 cells per ml is optimal. The OD 660 Figure 3c . 570 transformants from untreated genomic DNA were combined into 19 pools, each containing 30 transformants. Yeast genomic DNA from each pool was isolated following the previously described protocol (2) and then screened by PCR with diagnostic primers E13s that were specific to the exon 13 sequence of NBS1 but absent in the TAR vector hooks (Supplementary Table S1 ). 12 genepositive pools were identified, and individual clones from each positive pool were PCR-screened again. A total of 12 colonies containing the NBS1 gene was identified, one for each gene-positive pool. Amongst His + transformants obtained with CRISPR/Cas9 treated genomic DNA, 32 out of 100 screened colonies were gene-positive (Supplementary  Table S2 ).
Conversion of TAR-CRISPR-isolated NBS1-containing YACs into BACs
A diagram of the pJBRV1 vector and retrofitting of a circular YAC into a BAC molecule is shown in Supplementary Figure S2 . Vector pJBRV1 contains the 3 end of the HPRT gene, a loxP sequence, and two short targeting hooks (∼300 bp each), separated by the unique BamHI site, that flank the ColE1 origin of replication in the pVC604-based TAR cloning vector (2, 17) . The hooks are homologous to the vector sequences of pVC604. Recombination of the BamHI-linearized pJBRV1 vector with a YAC in yeast leads to replacement of the ColE1 origin of replication in the TAR cloning vector by a cassette containing the F factor origin replication, the chloramphenicol acetyltransferase (CmR) gene and the URA3 yeast selectable marker. A standard lithium acetate transformation procedure was used to retrofit YACs into BACs. The transformants were selected on synthetic complete medium plates lacking uracil (Ura − ). YAC retrofitting was highly efficient, more than 95% of Ura + His + transformants obtained with pJBRV1 contained retrofitted YACs. The YAC/BACs were moved to Escherichia coli by electroporation. In brief, yeast chromosome-size DNA was prepared in agarose plugs. Then the agarose plugs were melted and ␤-agarase treated. Finally, the DNA fragments were electroporated into DH10B bacterial competent cells using a Bio-Rad Gene Pulser as described previously (17) .
Physical characterization of NBS1-containing YAC and BAC clones
Several approaches were taken to establish the integrity and stability of the cloned material in the TAR isolates obtained from CRISPR/Cas9 treated total human DNA. The NBS1 The 126 bp CRISPR minigene may be generated by PCR as was done in this study or artificially synthesized.
Step 1: The minigene was in vitro transcribed to make gRNA. gRNA gives sequence specificity to the Cas9 nuclease (New England BioLabs).
Step 2: A digestion mix containing gRNAs, Cas9 and genomic DNA was prepared and left to digest overnight. Table S1 ). All PCR products were sequenced and found to match the expected NBS1 sequences. To identify fragments containing Alu sequences (Alu profiles), 1 g of total yeast DNA containing a YAC was digested to completion with TaqI. Samples were resolved by gel electrophoresis, transferred to a nylon membrane and hybridized with an Alu probe as described previously (17, 18) .
To check the size of the BAC inserts, chromosomal-size DNAs from three E. coli isolates were digested with BsiW1, separated by CHEF and stained with EtBr. Also, BAC DNA samples were digested by EcoRI and HindIII and run in 1% agarose gel. BAC clones correspond to the YAC clone, containing the NBS1 gene, retrofitted by pJBRV1.
Reverse-transcriptase PCR (RT-PCR)
Transcription of the NBS1 gene was detected after transient transfection of the BAC/NBS1-containing DNA into hypoxanthine phosphoribosyltransferase (HPRT)-deficient Chinese hamster ovary (CHO) cells by RT-PCR. CHO cells in a 6-well plate at 70% confluent were transfected with 2 g of BAC/NBS1 DNA (∼70 kb) with 6 l of XtremeGENE 9 (Roche, Cat# 06-365-787-001) in 200 l of Optimem (Life Technologies, Cat# 11058021). Cells were scraped off the plate in PBS, 48 h after transformation. Whole RNA was extracted using a RNasy Mini Kit (Qiagen, Cat# 74104) with RNAse-Free DNAse Set (Qiagen, Cat# 79254). The protocol used was as recommended by the manufacturer. Cells were lysed using a syringe and a 27 gauge needle. cDNA was made using M-MLV Reverse Transcriptase (Life Technologies, Cat# 28025-013). RT-PCR used human specific NSB1 primers listed in Supplementary Table S1 . The PCR products were sequenced by ACGT Inc.
Statistics
Statistical analysis was made using Prism (GraphPad Software Inc., La Jolla, CA, USA).
RESULTS
Design of Cas9-gRNA complexes
Four programmable Cas9 complexes, Cas9-gRNA-A, Cas9-gRNA-B, Cas9-gRNA-C and Cas9-gRNA-D, corresponding respectively to the 5 and 3 NBS1 targeting hooks in the TAR vector were assembled in vitro (Figure 1 ; Supplementary Figure S1 ). Then efficiency of nucleases activity was examined as described in Materials and Methods and Supplementary Figure S1 . Two complexes, Cas9-gRNA-B and Cas9-gRNA-C, were chosen for further experiments (Figure 2a and b) . Cas9-gRNA-B recognizes and cuts the genome 47 bp upstream of the 5 NBS1 targeting hook while Cas9-gRNA-C recognizes and cuts the genomic sequence 7 bp downstream of the 3 hook (Figure 1a) . Before TAR cloning, total human genomic DNA was treated simultaneously in vitro by both Cas9-gRNA-B and Cas9-gRNA-C complexes to induce DSBs near the targeted genomic sequences (Figure 2c ).
TAR-CRISPR cloning of the human NBS1 gene
The TAR cloning procedure itself was described in detail previously (2) . All steps of TAR-CRISPR cloning are shown in Figure 3 . In our study, a linearized TAR-NBS1 vector was combined with either Cas9-treated or untreated human genomic DNA (as a control) and individually presented to yeast spheroplasts (Figure 3a and b) . The TAR vector contains short targeting hooks specific to 5 and 3 sequence ends of the NBS1 gene (see Materials and Methods). In addition to the targeting hooks, this vector also contains a YAC cassette that includes the HIS3 marker for selection in yeast and the CEN6 centromere for proper segregation in yeast cells. In vivo recombination between the hooks and genomic DNA fragment containing the NBS1 gene would result in isolation of the gene as a circular YAC with an insert size of 55 294 bp (Figure 3b ). The cloned NBS1 locus contains approximately 5 kb sequence upstream from the ATG start codon and 1.5 kb sequence downstream of the stop codon that includes all known 5 and 3 regulatory elements. After 5-6 days His + transformants were selected. The number of transformants per g DNA was comparable between Cas9-treated and non-treated genomic DNA. Between 20 and 50 His + colonies were typically obtained when a mixture containing 1 g of genomic DNA and 1 g of the TAR vector was used. To identify transformants containing the NBS1 gene, 570 transformants from experiments with untreated genomic DNA and 100 transformants with Cas9-treated genomic DNA were examined by PCR using a pair of diagnostic primers E13F/E13R (Supplementary Table S1 ) that amplified the exon 13 sequence, approximately 12 kb upstream of the 3 NBS1 hook.
Twelve NBS1 gene positive colonies were identified among 570 His + transformants when untreated genomic DNA was used for yeast transformation. Such a frequency (∼2%) was expected for isolation of a single copy gene (1) (2) (3) (4) (5) (6) . A screen of transformants from two pools, one genepositive and one gene-negative, is shown in Supplementary Figure S3 . In contrast, the analysis of 100 His + transformants obtained with the Cas9-treated human genomic DNA, yielded 32 colonies positive for the NBS1 sequence (32%). An example of the PCR screen for 30 randomly chosen transformants is presented in Figure 3c (12 among 30 transformants were gene-positive that is equal to ∼40%). The cloned material may be analyzed either in a YAC form (19) or BAC form after YAC conversion into BAC molecules to simplify DNA isolation (17) .
Physical analysis of TAR-CRISPR isolated clones containing the NBS1 gene
Several approaches were taken to establish the integrity of the NBS1-TAR-CRISPR-cloned material derived from the Cas9-treated human genomic DNA. The presence of NBS1 exon sequences in three TAR/YAC-containing transformants was confirmed by PCR using primers for each exon on total yeast DNA (Supplementary Table S1 ). An example of PCRs for gene exonic regions 1, 3, 6, 7, 8, 9, 11, 14 and 16 is presented in Figure 4a and b. Next, Alu profiles were determined for the two TAR/YACs and they were found to be identical (Figure 4c) . Next, one NBS1-containing YAC was retrofitted into a YAC/BAC using the retrofitting vector pJBRV1 (13) and transferred to E. coli by electroporation as previously described (17) (Supplementary Figure  S2) . The presence of NBS1 coding regions in eight randomly chosen E. coli colonies were examined by PCR using pairs of exon primers (Supplementary Figure S4 ; Supplementary Table S1 ). BAC DNAs were purified from three E. coli colonies by a standard method. All BACs have the same size insert (∼55 kb) after digestion with BsiWI that eliminates the vector sequence. The BACs also had identical restriction profiles after digestion by either EcoRI or HindIII, indicating no structural rearrangements (Figure 4d and e) .
To demonstrate that the CRISPR/TAR-isolated NBS1 is functional, we confirmed expression of the full-size cDNA in hamster CHO cells by RT-PCR (Figure 4f and g) using specific primers listed in Supplementary Table S1 . The PCR product was sequenced and the sequence matched human cDNA of NBS1 (Supplementary Figure S5) . To summarize, these analyses demonstrate a high level of integrity for the NBS1 sequences in the TAR-CRISPR-isolated clones.
To conclude, we demonstrated that the yield of genepositive clones significantly increased [Fisher's exact test, two-tailed (P < 0.0001)] by 16-fold from 2% up to 32% after treatment of genomic DNA by a pair of Cas9-gRNA nucleases which made double strand breaks near the targeted sequences.
DISCUSSION
The most palpable effect of TAR-CRISPR approach is the decreased workload of the experimenter in isolating genepositive clones. To obtain a 95% probability of isolation at least 1 gene-positive clone, only 8 colonies have to be screened when the success rate is 32%, in contrast to 148 colonies at 2% success rate (Supplementary Figure S6) . This is very important because the main stumbling block to successful TAR cloning using the standard protocol (2) is the need for highly efficient yeast spheroplasts transformation (i.e. ∼10
8 colonies per one microgram of ARS-containing vector), so that hundreds of colonies have to be obtained and screened to find a few gene-positive clones. This in turn means that the previous TAR protocol required significant experience working with yeast. With our new procedure, only a dozen or less colonies need to be screened to obtain gene-positive clones. Hence, even people inexperienced in yeast work can successfully TAR-CRISPR-clone their gene of interest.
It is also worth noting that the pJBRV1retrofitting vector used to convert YACs into BACs contains a 3 HPRTloxP cassette allowing an isolated TAR-CRISPR-gene to be loaded into a unique loxP site within the alphoid tetO -HAC gene delivery vector by Cre-loxP mediated recombination (13, 20) . HAC vectors (Human Artificial Chromosomes) are a unique system for delivery and expression of full-length genes in recipient human cells, with the potential to overcome many problems caused by using viral-based vectors (21) (22) (23) . The alphoid tetO -HAC represents one of the most advanced HACs for delivery and expression of full-length human genes as it has a regulated centromere, which allows the unique opportunity of a three way comparison between the phenotypes of human cell lines, without a functional copy of a gene, with a functional HAC-encoded gene copy and one 'cured' of the HAC (Supplementary Figure  S7) . This provides a real control for phenotypic changes attributed to expression of a HAC-encoded gene by returning the mutant cell line to its original state following 'curing' of the HAC (13, 24) This novel TAR-CRISPR technology could in principle be used to create a bank of all annotated human genes, each represented by a genomic copy containing coding regions (exons), 5 upstream, 3 downstream regulatory sequences and introns. At present only cDNA collections are available. A bank of full-length genes with their native regulatory elements offers previously unheard-of possibilities for functional and structural genomics, in diagnostic and gene therapy and would launch a new generation of genomic research products. The ability to clone genes with their distal 5 and 3 enhancers could provide a revolutionary approach to analyze genomic changes detected in GWAS (Genome-Wide Associated Study). We could examine the expression of the entire locus in the HAC vector and compare the wild type with the GWAS-identified mutations, which would provide an exact functional test.
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